Detailed Southern blot and PCR analysis of Ig heavy (IGH), Ig kappa (IGK), T-cell receptor delta (TCRD), and TCR gamma (TCRG) genes were performed in 289 children with precursor-B-ALL in order to determine age-related Ig/TCR patterns and their implications for detection of minimal residual disease (MRD). Overall, IGH, IGK, TCRD, and TCRG gene rearrangements were detected in 98, 62, 90, and 58% of patients, respectively. The frequency of IGH and TCRD rearrangements was independent of rearrangements in one of the other three loci, whereas Ig kappa deleting element and TCRG rearrangements preferentially coincided. Southern blot analysis showed that oligoclonality of IGH, IGK, and TCRD was interrelated, that is, oligoclonality in one locus was related with a higher chance of oligoclonality in another locus. Combined Southern blot and PCR analysis revealed that Ig/TCR patterns were age related: children younger than 3 years or older than 10 years showed a higher prevalence of incomplete IGH rearrangements and a lower prevalence of IGK deletions, TCRG rearrangements, and TCRD rearrangements than children between 3 and 10 years. In addition, IGH oligoclonality was more frequent in the younger and older children. These age-related differences probably reflect ALL subsets with different cellular origin and differences in the duration of the preleukemic phase between the initial and final leukemogenetic hit. The more immature Ig/TCR gene rearrangement pattern in children younger than 3 years or older than 10 years resulted in relatively low numbers of potential MRD-PCR targets per patient, particularly if only monoclonal rearrangements were taken into account. These data provide insight into the immunobiological characteristics of Ig/TCR gene rearrangements in childhood precursor-B-ALL and form a useful basis for designing improved strategies for the identification and selection of MRD-PCR targets.
Introduction
Several studies have shown that detection of minimal residual disease (MRD) predicts clinical outcome in patients with hematopoietic malignancies. 1 In newly diagnosed or relapsed patients with acute lymphoblastic leukemia (ALL), monitoring of MRD has proven to provide clinically relevant insight into the efficacy of treatment [2] [3] [4] [5] [6] [7] and allows better discrimination between low, intermediate, and high-risk patients than conventional prognostic factors. 4, 6 In addition, analysis of MRD levels prior to stem cell transplantation allows recognition of patients at high risk of relapse. [8] [9] [10] Therefore, MRD is currently being incorporated into stratification of treatment protocols. 11, 12 For PCR-based MRD studies in ALL, junctional regions of rearranged immunoglobulin (Ig) and T-cell receptor (TCR) genes are frequently used as targets, as these rearrangements can be considered as 'DNA fingerprints' of the leukemic cells. 13 Ig/TCR gene rearrangements can be found in over 95% of ALL patients, 13 and may serve as sensitive MRD-PCR targets for real-time quantitative PCR analysis. [14] [15] [16] [17] [18] [19] [20] Ig/TCR gene rearrangements can be detected by Southern blotting and PCR techniques. Although Southern blotting requires relatively large amounts of DNA (10-15 mg) and is time consuming, it has the great advantage that it provides detailed information on the complete rearrangement pattern of all cell populations that are present at a level of at least 5%. 21 By assessing the number and density of the different bands, Southern blotting allows the detection of oligoclonality as well as the detection of gene deletions. 21 In contrast, PCR analysis is fast and requires little material, but only provides information on rearrangements of gene segments for which the primers were selected. Consequently, the number of clonal PCR products will generally be lower than the number of clonal Southern blot bands. Moreover, in contrast to Southern blotting, PCR analysis cannot detect deletions and cannot easily discriminate between monoclonal and subclonal rearrangements.
A serious pitfall of Ig/TCR gene rearrangements as MRD-PCR targets in ALL is that up to 40% of rearrangements can be oligoclonal and that it is uncertain which clone is going to emerge at relapse. [22] [23] [24] As a result, the leukemia-specific MRD-PCR targets might be lost at relapse and false-negative MRD results may be obtained. [24] [25] [26] [27] [28] We recently have shown that monoclonal MRD-PCR targets in childhood precursor-B-ALL are characterized by high stability, whereas oligoclonal MRD-PCR targets are often lost at relapse. 13, 24 In order to reduce the chance of obtaining false-negative MRD results, per ALL patient at least two, preferably monoclonal, Ig/TCR gene rearrangements should be used as MRD-PCR target in clinical MRD studies. Rearrangements of the Ig heavy (IGH), Ig kappa deleting element (IGK-Kde), TCR delta (TCRD), and TCR gamma (TCRG) genes can be found in 98, 50, 40, and 55% of childhood precursor-B-ALL, respectively, and in approximately 90% of these patients at least two MRD-PCR targets can be found. 13 However, these numbers do not take into account whether a rearrangement is monoclonal or oligoclonal and concern the total group of childhood precursor-B-ALL patients (0-16 years).
Ig/TCR gene rearrangement patterns in ALL are known to vary with age [29] [30] [31] [32] and the presence of specific chromosome aberrations. 29, 33, 34 TCRG gene rearrangements appear to be less frequent in infants 29, 31, 32, 35 and in MLL-AF4-positive precursor-B-ALL and are completely absent in E2A-PBX1-positive precursor-B-ALL. 29 Also clonal IGH gene rearrangements as detected by PCR appear to be less frequent in infants, 32, 35 although this was not found in Southern blot-based studies. 29, 31 IGK gene rearrangements were also found at low frequency in infants, 29 29 showed that the mean age of Vd2-Dd3-positive patients was 15 years, whereas the mean age of Vd2-Dd3-negative patients was 33 years. These results are in agreement with our previously published study in adult precursor-B-ALL patients showing that most TCRD gene rearrangements concerned Dd2-Dd3 rearrangements, whereas in childhood ALL most TCRD gene rearrangements represent Vd2-Dd3 rearrangements. 30 Overall, these data suggest that infant ALL and adult ALL display a more immature immunogenotype.
In this study, we investigated Ig/TCR gene rearrangement patterns in a large series of 289 childhood precursor-B-ALL patients by detailed Southern blot analysis, complemented by PCR analysis. We aimed to study the age-related Ig/TCR gene rearrangement patterns with respect to frequency, oligoclonality status, and complementarity of the different Ig/TCR gene rearrangements (IGH, IGK, TCRD, and TCRG) in order to assess the implications for identification and selection of MRD-PCR targets.
Materials and methods

Patients and cell samples
A total of 289 children with precursor-B-ALL were included based on the availability of sufficient diagnostic DNA material to perform Southern blot analysis. Cytogenetic or molecular data on the presence of chromosome aberrations were unfortunately only available in a subset of patients; consequently, no analysis of the relation between Ig/TCR gene rearrangements and chromosomal aberrations could be made. However, given the low frequency of most translocations, these translocations will only partly affect the Ig/TCR gene rearrangements patterns observed in the different age groups of the present study.
Immunophenotyping showed that 11 patients (4%) had a pro-B-ALL, 188 patients (65%) had a common-ALL, and 90 patients (31%) had a pre-B-ALL. The patients were subdivided in six groups according to their age at diagnosis: 0-1.5 years (n ¼ 25), 1.6-3.0 years (n ¼ 64), 3.1-4.5 years (n ¼ 61), 4.6-6.0 years (n ¼ 39), 6.1-10 years (n ¼ 54), and 10.1-16 years (n ¼ 46). Although infants normally reflect those younger than 12 months of age (13 infants included in this study), we extended this group (till 18 months of age) in order to have a group of sufficient size for statistical analysis. The other age groups were composed in such a way that all five age groups had a more or less comparable size. Since precursor-B-ALL is relatively frequent in children between 2 and 6 years, three age groups were composed to include these children (1.5-3, 3.1-4.5, and 4.6-6 years), whereas the children between 6 and 16 years were included in only two age groups (6.1-10 and 10.1-16 years). As the age categories indicated above are arbitrary, statistical analysis was performed not only using these six age categories but also using the precise age of individual patients (see below).
Mononuclear cells were obtained from bone marrow or peripheral blood samples by Ficoll density centrifugation and DNA was isolated as described previously. 21, 36 Southern blotting of Ig/TCR gene rearrangements Southern blot analysis for detection of IGH, IGK, and TCRD gene rearrangements was performed as previously described, 21 using IGHJ6, IGKDE, IGKJ5, and TCRDJ1 probes (DAKO Corporation, Carpinteria, CA, USA). [37] [38] [39] Since the amount of PCR analysis of Ig/TCR gene rearrangements PCR analysis of IGH, IGK-Kde, TCRG, and TCRD gene rearrangements was performed as described previously. 42, 43 For detection of Vd2-Ja rearrangements, seven multiplex tubes, each containing one Vd2 primer and eight to ten Ja primers, were used (Szczepanski et al, manuscript submitted). The obtained PCR products were subjected to heteroduplex analysis as described previously. 44 Only patients with sufficient DNA available for complete PCR analysis of all four loci (271 of 289 patients) were included in the analysis.
PCR data of IGH, IGK, TCRD or TCRG genes were published previously for 97, 33 140, 18, 37 202, 41 and 202 41 precursor-B-ALL patients, respectively.
In addition to the data obtained in childhood precursor-B-ALL, our previously published Ig/TCR gene rearrangement data of 24 adult precursor-B-ALL patients were included in this study for comparison of Ig/TCR gene rearrangement patterns between childhood and adult precursor-B-ALL. 30 These data are presented in the figures showing the age-related Ig/TCR gene rearrangement patterns, but are not explicitly indicated in the text of the Results section and were not included in the statistical analysis.
Expression of data and statistical analysis
Southern blot data were expressed as germline (G), rearranged (R), or deleted (D) and combinations thereof. Patients with trisomy, as deduced from Southern blots, were considered as R/ R (all cases with trisomy had at least two rearranged alleles and the vast majority had three rearranged alleles).
It was assumed that each cell contained two alleles; if three or four major rearrangements were found, each rearrangement was counted for 0.67 or 0.5, respectively. Since the configuration of one allele might affect the configuration of the other allele, all statistical analyses to determine age-related Ig/TCR patterns were performed at the patient level, and not at the allelic level. For easy reading, the age-related Ig/TCR gene rearrangement patterns are presented at the allelic level (four figures). The complex Ig/TCR gene rearrangement patterns at the patient level are summarized in one color figure.
To compare the prevalence of Ig/TCR gene rearrangements between different age groups of childhood precursor-B-ALL patients, the w 2 -test was used (with calculation of exact P-values in case of low prevalences). In addition, logistic regression analysis was used to evaluate the relation of the various prevalences with age without grouping patients into age categories. The functions used to assess the age relations were polynomials up to degree three (cubic). P-values less than or equal to 0.05 were considered statistically significant.
Results
Ig/TCR gene rearrangements
We first evaluated the frequency of Ig/TCR gene rearrangements and oligoclonality in the total group of 289 childhood precursor-B-ALL.
IGH rearrangements: Southern blot analysis of the IGH gene configuration showed rearrangements in 283 out of 289 patients (98%; Table 1 ). Based on the density and pattern of the Southern blot bands, in 40% of patients this concerned oligoclonal rearrangements (Table 1) . IGH gene rearrangements were found in the major leukemic clone in 279 out of 289 patients (97%). In four patients, IGH gene rearrangements were only detected in minor subclones, and in six patients at least one allele was deleted.
PCR analysis of the IGH gene was used to confirm the Southern blot data and to distinguish complete (V H -D H -J H ) and incomplete (D H -J H ) rearrangements. IGH rearrangements could be detected by PCR analysis in 88% of patients (Table 2) . Comparison between Southern blot-detected major IGH rearrangements and PCR-detected IGH rearrangements showed an overall resemblance of 87%. It should however be stressed that PCR-detectable IGH rearrangements can be derived from subclones not detected by Southern blot analysis. Consequently, the above-mentioned resemblance might be an overestimation.
IGK rearrangements: Overall, IGK rearrangements or deletions were detected by Southern blotting in 180 out of 289 patients (62%; Table 1 ). In 15 of these 180 patients (8%) this concerned oligoclonal rearrangements or deletions (Table 1) ; in four patients IGK rearrangements/deletions were only detected in minor subclones.
PCR analysis of IGK-Kde rearrangements was performed to confirm the Southern blot data and to distinguish Vk-Kde and intron RSS-Kde rearrangements. IGK-Kde rearrangements could be detected by PCR analysis in 43% of patients (Table 2) . Comparison between Southern blot-detected major IGK deletions and PCR-detected IGK-Kde rearrangements showed a resemblance of 82%.
TCRG rearrangements: PCR analysis detected TCRG gene rearrangements in 58% of all patients. Overall, in 31% of patients two TCRG rearrangements were found, and in 5% of patients three or more TCRG rearrangements were found.
TCRD rearrangements: TCRD rearrangements or deletions were detected by Southern blot in 259 out of 289 patients (90%); in 61 of these patients (24%) this concerned oligoclonal rearrangements or deletions (Table 1) . In 11 patients, oligoclonal rearrangements or deletions were only detected in minor subclones.
PCR analysis of TCRD gene rearrangements was performed to confirm the Southern blot data and to distinguish Dd2-Dd3, Vd2-Dd3, and Vd2-Ja rearrangements. Dd2-Dd3, Vd2-Dd3, and Vd2-Ja rearrangements were present in 14, 40, and 46% of patients, respectively, resulting in TCRD rearrangements/deletions in 72% of total patients (Table 2) . Comparison between Southern blot-detected major TCRD rearrangements and PCRdetected TCRD rearrangements (ie Dd2-Dd3 and Vd2-Dd3) showed a resemblance of 87%. Southern blot-detected major TCRD deletions and PCR-detected TCRD deletions (ie Vd2-Ja rearrangements) showed a relatively low resemblance of 48%, because TCRD deletions can also be caused by other rearrangements, not tested by PCR analysis in our study (eg Va-Ja or dRec-cJa rearrangements).
Relations between clonality status of Ig/TCR gene rearrangements: As described above, oligoclonality was a frequent finding for IGH (overall: 40%) and TCRD gene rearrangements (24%) but also occurred in the IGK locus, although at much lower frequency (8%). Monoclonal rearrangements are more stable PCR targets for MRD analysis and should be selected with preference. 24 Therefore, we aimed to analyze whether there was a relation between the clonality status of the three different loci. The percentage of oligoclonality for IGH in patients with IGK-Kde rearrangements was 37%, which is comparable to the oligoclonality for IGH in the total group of patients (40%). However, oligoclonality for IGH was observed at a much higher frequency in the patients with oligoclonal IGKKde rearrangements (67%) than in patients with monoclonal IGK-Kde rearrangements (34%). Similarly, oligoclonality for IGK-Kde rearrangements was higher in patients with oligoclonal IGH rearrangements (15%) than in patients with monoclonal (Table 1) . Generally, the chance that the IGH or TCRD locus was oligoclonal was 1.6-to 3.8-fold higher if another locus was found to be oligoclonal instead of monoclonal. Thus, the clonality status of the three different loci is interrelated and oligoclonality of one locus results in a higher chance of oligoclonality of the other loci.
Corearrangement patterns of Ig/TCR gene rearrangements
To get more insight in the immunobiological characteristics of the gene rearrangement patterns and to obtain additional information on MRD-PCR target availability, we analyzed the corearrangement patterns of the Ig/TCR genes, both by Southern blot and PCR analysis. As shown in Figure 1 and Table 3 , Southern blot analysis of the major clones showed that virtually all patients had IGH rearrangements (97%). In 27 patients (9%), IGH rearrangements were the sole Ig/TCR gene rearrangements, whereas in nine patients (3%) IGK and TCRD rearrangements/deletions were detected only. However, in three out of these nine patients subclonal IGH gene rearrangements were detected, whereas the remaining six patients showed at least one deleted IGH allele. IGH and TCRD rearrangements showed a high level of overlap, whereas IGK rearrangements/deletions were less frequent and in all cases were accompanied by IGH and/or TCRD rearrangements (Figure 1 ).
In Figure 2 and Table 2 , the complementarity of PCRdetectable Ig/TCR gene rearrangements is shown for the total group of 271 patients fully analyzed by PCR analysis. In 99% of patients at least one rearranged Ig/TCR gene was found, IGH gene rearrangements being most frequent (88%). The data show that IGH rearrangements (V H -J H and D H -J H ) and TCRD rearrangements (Dd2-Dd3, Vd2-Dd3, and Vd2-Ja) are most frequent and that they both coincided with other rearrangements with similar frequency between the three loci (about 85 and 75%, respectively; Table 2 ). IGK-Kde and TCRG rearrangements were less frequent. IGK-Kde rearrangements were present at higher frequency in patients with TCRG rearrangements (58%) than in patients with IGH (40%) or TCRD rearrangements (45%). Comparably, TCRG rearrangements were present at higher frequency in patients with IGK-Kde rearrangements (78%) than in patients with IGH (54%) or TCRD rearrangements (61%). These data suggest that IGH rearrangements occur first, followed by consecutive TCRD, TCRG, and IGK-Kde rearrangements.
Age-related Ig/TCR gene rearrangemxents IGH gene rearrangements: Oligoclonality of the IGH locus (present in 40% of total patients) was age dependent, as evidenced by a significant second-degree term of age in the logistic regression (Po0.05). In the infant group 52% of IGH rearrangements were oligoclonal, in the subsequent age groups the prevalence of IGH oligoclonality decreased gradually to 30%, and in the last age group (10-16 years) the prevalence of IGH oligoclonality increased again to over 40% ( Table 4) .
As shown in Figure 3a , the Southern blot-defined IGH status of the major clone was not significantly related to age. However, PCR analysis demonstrated that incomplete IGH rearrangements showed a significant age relation (Figure 3b and Table 4 ). The prevalence of incomplete IGH rearrangements (either monoallelic or biallelic) was high in the infant group, gradually decreased in the subsequent two age groups, and reached a minimum in the 4.6-6 years group. In the last two age groups (6.1-10 and 10.1-16 years), the prevalence of incomplete IGH rearrangements increased again (Po0.001 by w 2 test and logistic regression). The prevalence of complete IGH rearrangements was not significantly different between the six age groups (Figure 3b and Table 4 ). The IGH gene rearrangement patterns per patient in the different age groups are shown in Figure 7a and b.
These data indicate that IGH rearrangements show an agedependent pattern, with higher prevalence of oligoclonality and incomplete IGH rearrangements in the youngest and oldest age groups.
IGK rearrangements: The frequency of IGK oligoclonality (present in 8% of total patients with IGK rearrangements/deletions) did not differ significantly between the age groups ( Table 4) .
The IGK status of the major clone was significantly related to age (Po0.05. by w 2 test). As shown in Table 4 , the prevalence of patients with IGK deletions (IGK-Kde rearrangements) was highest in the three middle age groups (760%), and low in the two youngest age groups (740%) and the oldest age group (730%) (Po0.05 by w 2 test and logistic regression). In contrast, the prevalence of patients with at least one IGK allele in germline configuration was significantly higher in the youngest Figure 1 Southern blot-based corearrangements between the IGH, IGK, and TCRD loci in 289 childhood precursor-B-ALL patients. Only IGH rearrangements, IGK rearrangements/deletions, and TCRD rearrangements/deletions present in the major leukemic clone were included in this analysis. Table 4 ). Rearrangements of IGK (Vk-Jk rearrangements) were less frequent (12-31%) and did not show a significant relation with age. These results per patient are comparable to the allelic frequencies of the IGK rearrangement pattern (Figure 4a ).
Age-related
In agreement with the Southern blot data, the total number of PCR-detectable IGK-Kde rearrangements and the number of VkKde rearrangements were significantly related to age (Po0.05 by w 2 test and logistic regression) with highest numbers found in the middle age groups (Figure 4b ). The prevalence of intron RSSKde rearrangements was generally low (5-18%) and although a pattern comparable to Vk-Kde rearrangements was observed, no statistically significant relation with age was observed. The IGK gene rearrangement patterns per patient in the different age groups are shown in Figure 7c and d.
Thus, IGK-Kde rearrangements show an age-dependent pattern, with highest prevalence of IGK deletions, especially Vk-Kde rearrangements, in the middle age groups (3-10 years).
TCRG rearrangements: Analysis of TCRG gene rearrangements as a function of age showed clear age-related patterns: TCRG gene rearrangements were infrequent in infants (29%), increased to a maximum of 72% in the 3.1-4.5. years group, and gradually decreased thereafter till 46% in the 10.1-16 years group (Table 4 ) (Po0.05 by w 2 test and logistic regression). This age relation was also clearly visible when the occurrence of TCRG rearrangements was expressed per allele ( Figure 5 ). More detailed analysis of the infant group showed that only one child (age: 10 months) out of 13 children below 1 year of age (8%) had a TCRG gene rearrangement, whereas such rearrangement was found in six out of 12 children between 1 and 1.5 years (50%). The TCRG gene rearrangement patterns per patient in the different age groups are shown in Figure 7e .
Thus, TCRG rearrangements also show an age-dependent pattern, with low prevalence of TCRG rearrangements in the youngest and oldest age groups and high prevalence of TCRG rearrangements in the middle age groups (3-10 years). (Table 4) . In Figure 6a , the Southern blot-defined TCRD status of the major clone (per allele) is shown as a function of age. The prevalence of patients with at least one TCRD allele in the germline configuration was significantly related to age (Table 4 ; Po0.05 by w 2 test and logistic regression). In the infant group 56% of patients had at least one germline TCRD allele. This percentage gradually decreased in the three subsequent age groups, whereas in the last two age groups the frequency increased again (Table 4) . Accordingly, the prevalence of patients with at least one deleted TCRD allele was highest in the middle age group and lowest in the younger and older age groups (Po0.05 by logistic regression). The prevalence of TCRD rearrangements showed a comparable pattern, but these differences did not reach statistical significance (Table 4) .
IGH 88%
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In agreement with the Southern blot results, the prevalence of patients with at least one PCR-detectable TCRD rearrangement (Dd2-Dd3 or Vd2-Dd3) or TCRD deletional rearrangement (Vd2-Ja) was highest in the middle age groups and lowest in the youngest and oldest age groups (Po0.05 by w 2 test and logistic regression). This was especially due to an increased frequency of Vd2-Dd3 and/or Vd2-Ja rearrangements in the middle age groups as compared to the youngest and oldest age groups. Dd2-Dd3 rearrangements were infrequent in the children below 10 years, but were more predominant in the children between 10.1 and 16 years. However, this age relation did not reach statistical significance. The age-related TCRD rearrangement patterns were also clearly visible when the occurrence of TCRD rearrangements was expressed per allele (Figure 6b) . The TCRD gene rearrangement patterns per patient in the different age groups are shown in Figure 7f and g.
Thus, TCRD rearrangements/deletions show an age-dependent pattern, with highest prevalence of TCRD rearrangements/ deletions in the middle age groups.
MRD-PCR targets
We finally evaluated the availability of potential MRD-PCR targets within the six different age groups. In Figure 8a , the Age-related Ig/TCR gene patterns VHJ van der Velden et al age-related numbers of all available Ig/TCR gene rearrangements are summarized, showing that the vast majority of patients (generally over 95%) have at least two potential MRD-PCR targets. Over 50% of patients even have four or more potential MRD-PCR targets. However, if only monoclonal rearrangements are selected as assessed by Southern blotting, the number of potential MRD-PCR targets changes drastically (Figure 8b ). Especially in the youngest and oldest age groups, the number of patients with at least two potential MRD-PCR targets is decreased (to about 60%), but also in the middle age groups 5-20% of patients cannot be monitored by two monoclonal MRD-PCR targets.
Discussion
Ig/TCR gene rearrangements are increasingly used as MRD-PCR targets in childhood ALL. 1, 13 Appropriate identification and selection of such MRD-PCR targets is crucial for obtaining clinically relevant MRD data and for preventing false-negative MRD results. 1, 22, 23 Although some reports have described agerelated Ig/TCR gene rearrangement patterns, [29] [30] [31] [32] the present study has an unprecedented completeness concerning the rearrangement patterns of IGH, IGK, TCRG, and TCRD genes as assessed by detailed Southern blot analysis in combination with PCR analysis in a large cohort of childhood precursor-B-ALL patients (n ¼ 289). Our study not only shows that Ig/TCR gene rearrangements are age related, but also provides data on the relations between the clonality status or rearrangement status of the four Ig/TCR loci analyzed. These data have implications for MRD-PCR target identification and selection.
Ig/TCR genes: clonality status and corearrangements
In agreement with previous results, oligoclonality was most frequent for IGH (40% of patients with rearranged locus), followed by TCRD (24%) and IGK (8%). 18, [37] [38] [39] We observed that oligoclonality of one locus was related to a higher chance for oligoclonality of another locus by approximately a factor two, indicating that common factors are involved in the formation of oligoclonality of the different loci. Such factors may include: (1) expression of RAG genes, although no differences in RAG1 or RAG2 expression have been found between monoclonal and oligoclonal precursor-B-ALL patients; 45 (2) accessibility and structure of the loci, for example higher chance of oligoclonality in large and 'open' loci (eg IGH) as compared to 'restricted' loci (eg TCRD) or loci that rapidly reach 'end-stage' rearrangements (eg IGK-Kde);
18 and (3) the differentiation status (particularly the Ig/TCR rearrangements status) of the malignantly transformed cell (see below). IGH gene rearrangements, present in virtually all precursor-B-ALL patients, were in approximately 90% of patients accompanied by crosslineage TCRD gene rearrangements, whereas TCRG gene rearrangements occurred less frequently (50-60% of patients). IGK-Kde rearrangements, which are present at an unusually high percentage in precursor-B-ALL, 46 showed a high degree of overlap with TCRG gene rearrangements (almost 80%) and were more prevalent in patients with at least one deleted TCRD allele. These data suggest that in precursor-B-ALL, similar to the hierarchy during early T-cell development, rearrangements of the TCRD locus occur first, followed by TCRG gene rearrangements. Although these crosslineage TCR gene rearrangements can be explained in several ways, [47] [48] [49] we favor the hypothesis that crosslineage TCR gene rearrangements result from the continuing activity of the V(D)J recombinase system on accessible loci. 41 Ig/TCR gene rearrangements in precursor-B-ALL are age related
In accordance with previous reports, [29] [30] [31] [32] we observed that Ig/ TCR gene rearrangement patterns were age related. In contrast to previous reports, which mainly compared particular age categories (e.g. infants, children, or adults), we divided the childhood ALL patients into six age categories allowing detailed analysis of rearrangement patterns within childhood precursor-B-ALL. This subdivision clearly demonstrated that the youngest children (o3 years) as well as the oldest children (410 years) showed more immature Ig/TCR gene rearrangement patterns, characterized by a high prevalence of incomplete IGH gene rearrangements and a low prevalence of IGK, TCRD, and particularly TCRG gene rearrangements. In fact, Ig/TCR gene rearrangement patterns in adolescents were strikingly similar to those found in adult ALL.
The more immature Ig/TCR gene rearrangement pattern in the youngest patients (o3 years) can be explained in part by the higher frequency of pro-B-ALL in this age category (9%; in the infant group even 28%) as compared to the remaining age groups (o1%). Pro-B-ALL patients displayed a higher prevalence of incomplete IGH gene rearrangements, a lower prevalence of complete IGH gene rearrangements, and a virtual absence of IGK, TCRG, and TCRD gene rearrangements (data not shown), compatible with the early differentiation stage of the involved leukemic cells. Infant ALL is further characterized by high prevalence of MLL gene translocations, in particular t(4;11), 50 ,51 Ig/TCR gene rearrangement patterns is not yet known, but is under investigation in the International Interfant-99 study. 53 In addition to infants, children 410 years also showed a more immature Ig/TCR gene rearrangement pattern, comparable to that seen in adult ALL patients. 30 Interestingly, patients with precursor-B-ALL aged o1 y or 49 years, have a less favorable prognosis, 55, 56 comparable to the prognosis of adult patients. So, childhood ALL in patients 410 years is more comparable to adult ALL than to childhood ALL in patients between 1 and 9 years, not only with respect to prognosis but also with respect to the Ig/TCR gene rearrangement pattern. Comparable with infant ALL, the preleukemic phase between the initial and final malignant hit in the children 410 years of age might be very short. This could well be related to the presence of a BCR-ABL fusion gene, which increases in frequency with older age. 29, 57 Lack of evidence for in utero origin of BCR-ABL-positive precursor-B-ALL further supports the idea of a short preleukemic phase. Furthermore, BCR-ABL-positive precursor-B-ALL are likely to originate from lymphomyeloid stem cells, 58, 59 which may contribute to their immature Ig/TCR gene rearrangement pattern.
Ig/TCR gene rearrangement patterns in children between 3 and 10 years appeared to be more mature than in the remaining children. The most common chromosomal abnormalities in this group of children include hyperdiploidy (present in about 30% of childhood precursor-B-ALL patients) 60 and the presence of TEL-AML1 fusion gene transcripts (present in about 25% of childhood precursor-B-ALL patients, with a peak between 2 and 5 years). 51 It has been demonstrated that both hyperdiploid ALL and TEL-AML1-positive ALL originate in utero. [61] [62] [63] Consequently, a substantial proportion of the children between 1 and 10 years develop overt leukemia from a premalignant clone transformed in utero after a relatively long preleukemic phase. We hypothesize that during this long preleukemic phase, Ig/TCR gene rearrangements are ongoing, resulting in a mature Ig/TCR gene rearrangement pattern in the cell that becomes malignantly transformed. Due to the already mature Ig/TCR gene rearrangement pattern, ongoing or secondary rearrangements in the malignant cell are less likely, resulting in a relatively low frequency of oligoclonality. In agreement with this hypothesis, PCR analysis of Ig/TCR gene rearrangements in TEL-AML1-positive childhood precursor-B-ALL patients (by the I-BFM-SG MRD Task Force) showed that the oldest children had the most mature Ig/TCR gene rearrangement pattern, most probably due to the longest preleukemic phase of the preleukemic clone (manuscript in preparation).
E2A-PBX1 fusion gene transcripts are present in about 5% of ALL patients (both children and adults), occurring almost exclusively in pre-B-ALL. 64, 65 These patients have an extremely low frequency of TCRG gene rearrangements, 29 which probably is due to E2A dysregulation. 66 A recent study provided evidence for a postnatal origin of E2A-PBX1-positive ALL, based on the presence of N nucleotides at E2A-PBX1 fusions and IGH gene rearrangements and based on the D H and J H segment usage. 67 However, given their low frequency, E2A-PBX1 fusion gene transcripts will only limitedly affect the Ig/TCR gene rearrangement patterns observed in the different age groups of the present study.
Implications for MRD analysis
Our study shows that the number of available MRD-PCR targets varies with age, with less MRD-PCR targets available in the children younger than 3 years or over 10 years of age. Furthermore, MRD-PCR targets in these patients are often oligoclonal and thus have a high chance of being lost during follow-up. 13, 24 If only monoclonal Ig/TCR gene rearrangements are used as MRD-PCR targets, the number of available targets in these patients further decreases, and in approximately 40% of patients two monoclonal MRD-PCR targets are not available. Fortunately, in the vast majority of infant ALL, MLL gene rearrangements are present 50, 51 and a recent study showed that genomic MLL-AF4 fusion genes can be a good alternative or additional PCR target for MRD analysis. 32 As incomplete IGH gene rearrangements are relatively frequent in children younger than 3 or older than 10 years, inclusion of primers for incomplete IGH gene rearrangements in the MRD-PCR target identification should be a standard procedure in these age groups. In contrast, in the remaining precursor-B-ALL patients incomplete IGH gene rearrangements may be used in a second step in case no other suitable gene rearrangements are found. If incomplete IGH gene rearrangements are used as MRD-PCR targets, allele-specific oligonucleotides should preferably be designed on the D H -J H junction, as this junction can be a common-stem preserved in different subsequent V H -D H -J H joinings. 33 Furthermore, if no Southern blot is performed, all PCR-detected IGH rearrangements should be used as MRD-PCR targets in order to prevent false-negative results. 24 Usage of multiplex PCR approaches may result in the identification of major (sub)clones only, thereby limiting the chance of using rearrangements derived from minor subclones as MRD-PCR targets (European Study Group on MRD detection in ALL, unpublished results).
The relatively high number of potential MRD-PCR targets in the precursor-B-ALL patients between 3 and 10 years is partly due to the higher frequency of TCRG gene rearrangements in these patients. It should, however, be noticed that TCRG gene rearrangements generally are poor MRD-PCR targets for RQ-PCR analysis, as sensitivities of at least 10 À4 are only reached in Age-related Ig/TCR gene patterns VHJ van der Velden et al less than half of the precursor-B-ALL patients. 19 Inclusion of new MRD-PCR targets, such as TCRB rearrangements (which are detected in approximately 40% of precursor-B-ALL patients), 49 may therefore be useful.
In conclusion, our extensive Southern blot-based and PCRsupported analysis of Ig/TCR gene rearrangements in 289 precursor-B-ALL not only provides a better understanding of their immunobiological characteristics, but also provides information that can be used for improving strategies for identification and selection of MRD-PCR targets.
